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Alternatively, it has been recognized that the designer has an idea of the kind of pressure distribution that will lead to the desired performance.
Thus, it is useful to consider the inverse problem of calculating the shape that will lead to a given pressure distribu- 
where 3' is the ratio of the specific heats. 
The Euler equations can be written in divergence form as 
where Pd is the desired pressure. The design problem is now treated as a control problem where the control function is the airfoil shape, which is to be chosen to minimize I subject to the constraints defined by the flow equations (10-12). A variation in the shape will cause a variation 6p in the pressure in addition to a variation in the geometry and consequently the variation in the costfunctionbecomes
Since p depends on w through the equation of state (8-9), the variation 6p can be determined from the variation 6w. Define the Jacobian matrices
Then the equation for 6w in the steady state becomes 
Jc
On the profile tim = 0 and fi2 = -1. It follows from equation (12) 
If the flow is subsonic, this procedure should converge toward the desired pressure distribution since the solution will remain smooth, and no unbounded derivatives will appear. If, however, theflowis transonic, onemustallowfor the appearance of shock waves in thetrial solutions, even if 
Then,
6I
(20) 
The Euler equations can now be represented in the o. plane as Then
where the gradient is In the next example, Figure 2 , the process is reversed to modify a NACA 64A410 airfoil to recover the Korn pressure distribution at Mach 0.75 as a target. Again the target is almost attained, except at the trailing edge, where a perfect cusp is not easy to reproduce. The last test case introduces drag as the cost function. Again the design process is carried out in the fixed lift mode.
In Figure  3 , a NACA 64A410 is again used as a starting airfoil.
The design is at Mo¢ = 0.75 and Ct = 0.68 where a strong shock causes considerable wave drag in the initial airfoil. The objective is to reduce the drag with the smallest possible change in the airfoil. Therefore the pressure distribution of the initial airfoil is retained as the target pressure distribution, and the cost function is a blend of the drag coefficient and the deviation from the target pressure.
The final design has a reduction in drag from Cd = 0.0127 to Cd = 0.0016. The first test case for the design method with an arbitrary mesh is shown in Figure 4 . The NACA 0012 airfoil is is modified to achieve the pressure dis- Figure 5 . A target pressure distribution of the RAE 2822 airfoil at c_ = 1°, Mach 0.75 and Ci = 0.6982 is specified.
Again the design method converges to the target almost exactly matching even the shock position and strength.
A third test case of the method in inverse mode is displayed in Figure 6 . This time, the NACA 0012 airfoil is driven towards the target pressure distribution of the GAW 72 airfoil operating at Mach 0.70, o_ = 1°and Ca = 0.8158.
Under these conditions the target airfoil displays a very strong
shock, yet the design method is able to converge to the desired shape without visible discrepancies using 50 design variables.
The fourth test case represents a greater challenge. The Korn airfoil at Mach 0.75, a = 0°and CI = 0.6249 is chosen as the target pressure. The challenge is presented by the fact that the Korn airfoil at this condition has shock free supercritical flow with no wave drag. Figure 7 shows the NACA 0012 airfoil being driven towards the desired target, with the design method employing 52 design variables.
As the design is approached there is a tendency to produce a double shock pattern instead of a smooth recompression.
In effect, the design space for this problem is more nonlinear than in the previous test cases. The final design is very close, but does show some discrepences from the desired pressure distribution.
In the fifth test case the RAE 2822 airfoil is revisited for a target pressure distribution.
However, a potential flow solver was used to provide the target pressure distribution. Thus this pressure distribution is not realizable bytheEulerequations because theshockwave of the targetis modeled as anisentropic jump. Thefinalsolutionwith 50designvariables, shown in Figure8, veryclosely approximates thedesired pressure distribution, but of course doesnot matchit exactly.An examination of the final airfoil reveals a strikingdifference betweenit andthe expected airfoil. It canbeseen thatfor suchstrongshockcases, thepotential flow equation cangivequiteincorrect results. Thesixth testcase introduces dragastheobjective function to beminimized. The NACA64A410 airfoilat Mach 0.75, a = 1°C_ = 0.700 and Ca = 0.0162 is used as a starting condition. Figure 9 illustrates by choosing 18 design variables that modify the camber, the optimization procedure is able to reduce the drag to just 7 counts in 3 design cycles. This is accomplished while the lift coefficient, Mach number and thickness distribution remain unchanged.
In the final test case drag is again used as the objective function except that it is augmented by a lower limit on minimum allowable Cp. This constraint becomes an additional term in the boundary condition of the adjoint equation and demonstrates the versatility of the method.
With this constraint added in the way of a penalty function, Figure l0 shows that the NACA 0012 airfoil operating at Mach 0.75 and C_ = 0.6 can be substantially improved. Twenty design variables are chosen which preserve symmetry in the airfoil. With a limit of-l.2 set for Cp, the design procedure is able to reduce the drag from 266 counts to 54 counts in 4 design cycles. The final pressure distribution is observed to display a fiat top at Cp = -1.2 as would be expected.
Conclusions and Recommendations
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